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I . INTRODUCTION 
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This  report  is  the  third  describing  work  carried  out 
at  the  University  of  Illinois  at  Urbana-Champaign  as  a part 
of  a joint  university-industry  research  program  on  machine 
casting  of  ferrous  alloys.  Work  at  the  University  of  Illinois 
was  initiated  on  1 October  1975;  at  that  time,  the  overall 
program  had  already  been  in  effect  for  33  months.  The  initial 
aim  of  the  progreun  was  to  plan  and  test  new  and  innovative 
processes  and  develop  a machine  casting  system  for  ferrous 
alloys  that  would  produce  good  quality  parts  economically  and 
at  high  speed. 

• ^4mphasis  of  the  work  at  the  University  of  Illinois  is  on 
processes  and  casting  systems  which  employ  a partially  solid 
alloy  as  charge  material.  The  progreim  at  the  University  of 
Illinois  is  especially  designed  to  establish  the  processing 
conditions  necesscury  to  produce  porosity-free  parts  and  to 
evaluate  the  Rheocasting  and  Thixocasting  processes  from  both 

a technical  and  an  economical  point  of  view.  

During  the  first  year  of  this  investigati'on\(l,2J *,  work 
was  carried  out  in  the  following  areas: 

1.  A variety  of  casting  systems  were  designed,  constructed, 
and  operated;  these  include  the  following: 

(a)  A transparent  model  continuous  slurry  producer, 

(b)  A lo«r-temperature  alloy  continuous  slurry  pro- 
ducer and  a direct  chill  assembly  that  permits 
production  of  Rheocast  ingots  semi -continuously , 


*Number8  in  brackets  refer  to  entries  in  REFERENCES 


2 


(c)  A high-temperature  alloy  continuous  slurry  pro- 
ducer , and 

(d)  A laboratory  casting  machine  which  permits  direct 
observation  and  photography  of  mold  filling. 

2.  The  important  relationships  between  process  variables 
and  the  structure  of  continuously  produced  partially 
solidified  slurries  were  studied. 

3.  The  relationships  between  gating  systems,  process 
variables,  and  mold  filling  characteristics  of  differ- 
ent viscosity  materials  were  studied  in  the  trans- 
parent casting  machine. 

4.  Initial  work  was  carried  out  to  determine  the  heat 
treatment  response  and  mechanical  properties  of  high- 
temperature  alloys. 

5.  A cost  analysis  model  was  developed  to  permit  economic 

/ r 

evaluation  of  the  new  machine  casting  process. 

This  semi-annual  report  covers  work  carried  out  in  the 
past  six  months  on  two  of  the  topics  listed  above  (items  2 and 
4)  and  summarizes  all  the  important  findings  in  these  two  areas 
in  the  past  18  months. 


V . 


II.  THE  EFFECT  OF  PROCESS  VARIABLES  ON  THE 

STRUCTURE  OF  A PARTIALLY  SOLIDIFIED  SLURRY 


In  a niunber  of  papers  published  in  the  past  few  years  the 
practical  applications  of  a new  metal  forming  process,  Rheocasting, 
were  described  [3-5] . Fundamental  aspects  of  the  process  relating 
structure  of  a partially  solidified,  vigorously  agitated,  Sn-15%Pb 
alloy  to  its  rheological  behavior  were  studied  in  a high  tempera- 
ture viscometer  [6]  . The  work  described  herein  is  a continuation 
of  this  latter  study  carried  out  on  a continuous  slurry  production 
apparatus.  This  apparatus  was  specifically  designed  to  permit  close 
control  of  process  variables  during  partial  solidification.  General 
relationships  are  developed  between  process  variables  during  slurry 
production  and  the  structure  of  the  primary  solid  paurticles. 

Earlier  work  carried  out  on  a high  temperature  viscometer  [6] 
has  shown  that  the  structure  and  rheological  behavior  of  a Sn-15%Pb 
alloy  slurry  are  a function  of  three  process  variables.  These 
variedsles  are:  the  average  shear  and  cooling  rates  during  primary 
solidification  and  the  volume  fraction  of  solid  in  the  slurry. 

The  general  trends  estadilished  relating  process  variables  to 
the  structure  and  the  viscosity  of  the  metal  slurries  were: 

(a)  Increasing  the  average  shear  rate  generally  reduces  the  cunount 
of  entrapped  liquid  in  the  solid  particles  resulting  in  a corres- 
ponding decrease  in  viscosity.  Shear  rate  also  affects  the  size  of 
the  primary  particles  at  slow  cooling  rates — primary  solid  particle 
size  decreases  with  increasing  average  shear  rate. 

(b)  Increasing  the  average  cooling  rate  during  primary  solidifica- 
tion reduces  the  size  of  the  primary  solid  paurticles,  but  increases 
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the  amount  of  entrapped  liquid — increases  the  effective  voliime 

fraction  of  solid  in  the  slurry,  hence  increases  its  viscosity.  ! 

(c)  As  the  volume  fraction  solid  in  a slurry  increases,  so  does 
its  viscosity. 

(d)  For  a given  average  shear  and  cooling  rate,  the  relative  vis- 
cosity* of  a partially  solid  metal  slurry,  n^,  at  volume  fractions 
solid  larger  than  'vO.2,  can  be  described  by  an  exponential  equation, 

n = A exp  Bg  (1) 

• r . 3 I 

where  A and  B are  constants  depending  on  average  shear  and  cooling 
rates,  and  g^  is  volume  fraction  solid.  | 

(e)  Metal  slurries  are  thixotropic  (their  viscosity  decreases  with  j 

increasing  rate  of  shear,  is  time  dependent  and  reversible)  and  ' 

show  a hysteresis  loop  phenomenon  similar  to  other  well  known  thixo- 
tropic systems.  Measured  areas  of  hysteresis  loops  (a  quantitative 
measure  of  thixotropy)  increase  with  increasing  volume  fraction 
solid,  initial  viscosity  and  time  at  rest. 

(f)  Relative  viscosities  of  partially  solidified  metal  slurries 

are:  (i)  1 to  2 orders  of  magnitude  higher  than  suspensions  of  non-  j 

interacting  spheres  of  polystyrene,  rubber  latex,  glass  and  methyl- 
methacrylate, and  (ii)  of  the  same  order  of  magnitude  as  suspensions  i 

of  interacting  particles  like  Kaolin  (clay)  in  water.  The  high  vis-  j 

cosity  of  the  latter  suspension  has  been  explained  on  the  basis  of 
an  aggregation  mechanism  [8]  . A similar  mechanism  has  been  proposed 


*The  relative  viscosity  of  a suspension  is  defined  as  n “ 
where  ria  is  apparent  viscosity  of  the  suspension  and  n ^i»  the* 
viscosity  of  the  liquid.  ° 
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for  the  interacting  solid  particles  in  a metal  slurry  [6] . Figure 
I 1 shows  data  obtained  for  the  slurries  of  an  Sn-15%Pb  alloy  over  a 

j wide  range  of  thermomechanical  treatments,  as  well  as  reported  data 

for  the  nonmetallic  systems  noted  above. 

! 


1.  Apparatus 

The  basic  design  and  operation  of  a similar  apparatus  used 
for  production  of  high  temperature  alloy  slurries  have  previously 
been  reported  [1,2].  A schematic  illustration  and  photograph  of 
the  low  temperature  system  used  in  this  study  are  shown  in  Figures 


2 and  3.  It  consists  of  a multiple  cheunber  stainless  steel  crucible 
and  associated  heating  and  cooling  systems  and  a mixing  assembly. 

The  temperature  of  each  chcimber  is  individually  controlled  by  auto- 
matically regulating  the  power  and  coolant  inputs  to  a series  of 
heating  and  cooling  coils  located  along  the  crucible  length.  This 
control  enables  alteration  of  the  thermal  process  parameter.  In  a 
portion  of  this  work  a controlled  temperature  hot  oil  cooling  system 
was  used  around  the  lower  mixing  chamber.  Figure  2.  During  opera- 
tion, the  temperature  gradient  in  this  chamber  is  measured  via  the 
five  thermocouples  located  along  its  length. 

The  mixing  mechanism  previously  described  [1,2]  provides  vigorous 
agitation  within  the  lower  (mixing)  chamber.  The  rotor  in  the  present 
system  is  made  of  stainless  steel  with  a square  cross  section. 


0.025m  X 0.025m.  Rotation  speed  can  be  varied  between  0 to  1600  RPM. 
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The  flow  of  the  slurry  through  the  system  is  controlled  by 
adjusting  the  distance  between  the  rotor  bottom  and  the  exit  port 
valve  seat.  Sn-Pb  stock  is  continuously  fed  to  the  top  chamber 
either  in  liquid  or  solid  form.  Production  rates  in  this  system 
can  be  varied  between  2x10  ^ to  20x10  ^Kg/sec  depending  on  the 
heating  and  cooling  rates  used  in  the  lower  mixing  and  partial 
solidification  chamber.  The  exiting  slurries  are  either  directly 
water  quenched  or  chill  cast  using  the  mold  described  below. 

The  direct  chill  casting  assembly  located  below  the  continuous 

slurry  producer  is  schematically  illustrated  in  Figure  2.  The  mold 

» 

is  made  of  graphite  with  a slightly  tapered  cylindrical  hole  located 
in  its  center.  The  top  half  of  the  mold  is  heated  with  controlled 
resistance  heating  coils  while  the  bottom  half  is  water  cooled.  This 
arrangement  coupled  with  vibration  of  the  mold  assembly  permits  pro- 
duction of  smooth  surface  ingots  with  slurries  containing  volume 
fractions  of  primary  solid  as  high  as  ''^0.5.  Finally,  a water  spray 
is  directed  on  the  ingot  as  it  is  withdrawn  from  the  graphite  mold 
by  the  pedestal  and  the  withdrawal  assembly.  A photograph  of  an 
Sn-15%Pb  ingot  produced  in  this  way  is  shown  in  Figure  3. 

2.  Process  Variables 

The  three  important  process  variables  in  the  continuous  slurry 
producer  affecting  structure  are  average  shear  and  cooling  rates  emd 
volume  fraction  solid. 


] 

] 

] 
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(a)  Average  shear  rate.  The  average  shear  rate  is  a function 
of  the  rotor  geometry,  the  clearance  between  the  rotor  and  the 
lower  mixing  chamber,  and  the  rotation  speed.  The  following  equa- 
tion gives  the  average  shear  rate  in  the  annulus  in  the  mixing  chamber. 


i 


I 


Y 


Ave 


2^0 

(1-K^) 


K 


(2) 


where  Y^^g  equals  the  average  shear  rate,  is  angular  velocity 
and  K is  defined  as: 


perimeter  of  the  square  rotor 
perimeter  of  the  mixing  chamber 


In  the  machine  of  Figures  2 and  3,  the  value  of  k is  0.86  and  at  a 
rotation  speed  of  1000  RPM  the  calculated  average  shear  rate  = 

692  sec 


(b)  Average  cooling  rate.  The  average  cooling  rate  is  a 
function  of  the  thermal  profile  within  the  mixing  chamber  including 
the  temperature  and  volume  fraction  of  solid  of  the  discharged  slurry. 
The  average  cooling  rate  in  the  mixing  chamber  is  defined  by  the 
following  equation: 


^Ave  tj 


(3) 


where  g is  the  volume  fraction  of  primary  solid  particles  in  the 
s 

slurry,  AT  (g  ) is  the  difference  between  the  liquidus  temperature 
s s 

and  the  temperature  of  the  exiting  slurry,  and  t^  is  the  residence 
time  of  the  alloy  in  the  mixing  chamber  while  in  the  solidification 
range.  Figure  4 shows  a set  of  curves  of  average  cooling  rate  versus 
average  flow  rate  calculated  from  measured  thermal  data,  flow  rates 
and  equation  (3). 
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(c)  Volume  fraction  solid.  The  volume  fraction  solid  of 
primary  spheroidal  solid  particles  in  the  exiting  slurry  is  de-  ^ 

pendent  on  the  rate  of  heat  withdrawal  in  the  mixing  chamber,  the  j 

rate  of  material  flow  through  the  chamber,  and  the  physical  proper- 
ties of  the  metal  produced.  Once  the  temperature  in  the  mixing  cham-  j 
ber  at  the  exit  port  has  been  determined,  the  volume  fraction  of 
solid  can  be  calculated.  For  the  binary  Sn-15%Pb  alloy,  in  which  ' 

the  densities  of  the  liquid  and  the  solid  are  not  too  different,  j 

volume  fraction  solid  and  weight  fraction  solid  are  approximately 
equivalent,  and  the  Scheil  equation  is  used. 


= 1 - 


L V'*’  J 


1/1-k 


(4) 


where  is  the  melting  point  of  the  pure  tin,  is  the  liquidus 
temperature  of  the  alloy  and  T is  the  actual  temperature  in  the 
liquid-solid  r2uige. 


3.  Results  I 

J 

Results  of  this  work  on  continuously  produced  slurries  con- 
firm earlier  findings  [6]  that  average  cooling  rate  during  primary  | 

solidification  has  the  most  pronounced  effect  on  the  size  of  the 
primary  solid  particles.  Therefore,  a corollary  progrcun  was  carried  i 

out  to  compare  these  structures  with  conventional  dendritic  struc-  j 

tures  solidified  under  identical  average  cooling  rates. 

Figure  5 shows  data  obtained  from  a large  number  of  experl-  j 

ments  carried  out  In  the  slurry  producer,  as  well  as  dendrite  arm  ^ ^ 

II 
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spaclngs  of  conventional  casting  solidified  over  a range  of  tempera- 
tures. Average  primary  solid  particle  size,p.p.s.  , in  a slurry 
measured  via  standard  quantitative  techniques,  decreases  with  in- 
creasing average  cooling  rate.  This  observation  is  not  only  in  line 
with  results  obtained  from  the  dendritically  solidified  castings, 
but  our  results  indicate  that  the  size  of  the  particles  in  a slurry 
is  approximately  equivalent  to  the  primary  dendrite  arm  spacings  in 
the  conventional  castings  solidified  under  identical  cooling  rates. 

The  dashed  line  in  Figure  5 is  for  the  partially  solidified  slurries — 
it  was  drawn  using  least  mean  square  of  the  data.  Representative 
structures  of  a conventionally  solidified  and  continuously  processed 
slurry  are  shown  in  Figure  6.  The  photomicrographs  in  Figure  7 show 
the  effect  of  increased  average  cooling  rate  during  primary  solidi- 
fication on  the  fineness  of  structure  of  the  slurries. 

Figure  8 shows  the  effect  of  cooling  rate  on  size  distribution 
of  the  primary  solid  particles.  The  size  frequency  and  cumulative 
percent  were  determined  on  polished  cross-sections  of  water  quenched 
specimens.  At  the  lower  average  cooling  rate,  e = 0.61®C/sec,  the 
distribution  is  rather  broad  — the  ratio  of  standard  deviation  to 
average  particle  size,  o/X,  is  0.38.  The  size  distribution  of  pri- 
mary solid  particles  decreases  with  increasing  cooling  rate.  At  the 
average  cooling  rate  of  c = 5.57®C/sec  the  values  of  a/X  is  0.31. 

This  finding  is  contrary  to  that  reported  earlier  [6].  However,  the  | 

range  of  cooling  rates  used  in  the  earlier  work  was  much  lower, 


0.005  to  0.42®C/sec.  As  Indicated  below  the  effect  of  shear  rate 
on  particle  size  and  distribution  is  more  pronounced  at  low  cooling 
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rates  and  this  probably  contributed  to  the  discrepancy  between  the 
two  sets  of  results. 

Changes  in  average  shear  rate  affect  the  size  of  the  primary 
particles  only  at  low  cooling  rates.  Figures  9 and  10  show  this 
effect  on  average  particle  size  and  size  distribution,  respectively. 
The  largest  particles  measured  in  the  top  15%  of  the  cumulative 
curve  are  denoted  as  LPPS  in  Figure  9.  Data  in  this  figure  show 
that  increasing  the  cooling  rate  reduces  the  size  of  the  primary 
solid  particles.  Furthermore,  supportive  data  in  Figure  10  show 
that  the  particles  become  more  uniform  in  size  as  the  average  shear 
rate  is  increased  from  100  to  1360  sec~^.  The  corresponding  cal- 
culated values  of  a/X  are  0.64  and  0.31,  respectively.  The  photo- 
micrographs in  Figure  11  show  the  effect  of  increased  shear  rate  on 
structure.  It  was  also  noted  that  the  amount  of  entrapped  liquid 
in  the  primary  solid  particles  increases  with  increasing  cooling 
rate  and  decreasing  shear  rate.  These  findings  are  in  line  with 
those  reported  earlier  in  experiments  carried  out  in  a high  tempera- 
ture viscometer  [6]. 

Finally,  large  changes  in  volume  fraction  solid,  for  example 
from  0.2  to  0.6,  result  in  a corresponding  increase  in  primary  solid 
particle  size.  However,  over  the  smaller  volume  fraction  solid 
ranges  (0.4  to  0.6  for  the  data  shown  in  Figure  6)  the  effect  of 
cooling  rate  is  much  more  pronounced. 
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III.  SEGREGATION,  HOMOGENIZATION  HEAT  TREATMENT,  AND 
MECHANICAL  PROPERTIES  OF  RHEOCAST  ALLOYS 

In  general,  engineering  alloys  freeze  over  a range  of  tempera- 
tures and  liquid  concentrations.  As  a consequence,  the  different 
elements  that  are  combined  to  make  up  an  alloy  segregate  during  solidi- 
fication. Short  range  segregation  (microsegregation)  occurs  on  the 
dendritic  scale  in  conventional  castings.  One  may  thus  anticipate  a 
similar  segregation  phenomenon  in  Rheocast  metals.  Microsegregation 
spacings  in  Rheocast  metals  would  be  on  the  scale  of  the  primary  solid 
particles  when  the  slurry  is  slowly  solidified  in  a mold  resulting 
in  an  essentially  equiaxed  structure.  On  the  other  hand,  if  the  slurry 
is  rapidly  solidified,  as  in  die  casting,  the  remaining  liquid  solidi- 
fies in  a dendritic  mode  and  a duplex  microstructure  is  obtained — the 
primary  solid  particles  are  surrounded  by  a fine  dendritic  network. 

The  important  influence  of  dendrite  arm  spacings  on  the  mechanical 
properties  of  conventional  castings,  and  of  wrought  material  produced 
from  conventionally  cast  ingots,  is  well  documented.  Large  improve- 
ments in  mechanical  properties  can  also  result  from  high  temperature 
"homogenization"  treatments.  Whether  the  time  necessary  to  obtain 
significant  homogeneity  is  short  enough  to  be  commercially  feasible 
depends  on  the  spacings  over  which  concentration  differences  occur.  As 
noted  in  the  previous  section,  both  dendrite  arm  spacings  in  conven- 
tional castings  and  primary  solid  particle  size  in  Rheocast  slurries 
decrease  with  increasing  average  cooling  rate  during  solidification. 
Thus,  one  would  expect  that,  regardless  of  differences  in  microsegrega- 
tion profiles  between  dendritic  and  Rheocast  alloys,  the  finest  primary 
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solid  particle  size  should  give  the  shortest  response  to  "homogeniza-  , 
tion"  heat  treatment. 

Application  of  Rheocast  technology  to  specific  commercial  forming 
and  casting  processes  would  be  realized  once  the  full  range  of  static 
and  dynamic  properties  of  a number  of  Rheocast  alloys  are  documented. 

In  the  18  months,  a comprehensive  study  was  initiated  at  the  Univer- 
sity of  Illinois  to  determine  the  effect  of  cast  (Rheocast)  structure 
on  microsegregation,  homogenization  heat  treatment  response  and  j 

mechanical  properties  of  several  high  temperature  alloys.  Results 
from  this  work  are  presented  below.  It  should  be  noted  that  the  ( 

measured  properties  reported  were  obtained  from  static  ingots  cast  | 

using  the  high  temperature  continuous  Rheocasting  machine  previously, 
described  [2]  . 

1.  Structure  of  Rheocast  Alloys 

The  three  alloys  studied  were  905  copper  base  alloy  (Cu-10%Sn-2%Zn) , 
440C  stainless  steel  (Fe-17%Cr-l%Mn-l%Si-0 . 6%C)  and  X-40  cobalt  base  . 
superalloy  (Co-26.5 %Cr-10 . 5%Ni-7%W-0 . 5%C) . Typical  Rheocast  (water  ' 

quenched)  structures  of  two  of  the  alloys  are  shown  in  Figure  12.  For  ^ 
comparison.  Figure  L2  also  shows  the  corresponding  conventionally 

« 

solidified  dendritic  structxires  of  the  alloys.  As  previously  noted, 
the  primary  solid  particle  size  in  the  Rheocast  alloys  is  pri- 
marily a function  of  average  cooling  rate  during  solidification. 

Therefore,  processing  techniques  that  can  increase  cooling  rate  during  i 

^ ' I 

continuous  Rheocasting  and  yet  permit  solidification  of  spheroidal 

lij 
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primary  solid  particles  could  become  of  foremost  importance  in  the 
future. 

An  example  of  this  relationship  is  shown  in  Fig.  13  where  the 
dendrite  arm  spacings  for  conventionally  cast  X-40  cobalt  base  alloy 
and  the  primary  particle  size  for  partially  solid  X-40  alloy  are 
plotted  versus  the  average  cooling  rate  during  solidification.  For 
the  conventionally  solidified  material  the  relationship  between  den- 
drite spacing  and  cooling  rate  can  be  described  by  the  following 
equations : 

d = 90e  primary  (5) 

d = 40.4e  secondary  (6) 

where  d represents  the  dendrite  spacing  and  c is  the  average  cooling 
rate  during  solidification.  Also,  as  can  be  observed  in  Fig.  13,  the 
primary  particle  size  is  close  to  that  of  primary  dendrite  spacings 
obtained  at  equivalent  cooling  rates. 

The  structure  of  Rheocast  ingots  of  the  44 OC  stainless  steel  and 
the  X-40  cobalt  base  superalloy  are  shown  in  Figure  14.  Due  to  the 
slower  cooling  rates  achieved  in  the  insulated  molds  (1  1/4"  in  diameter 
by  7"  high)  the  ingots  do  not  show  the  typical  duplex  structure  of  the 
water  quenched  slurries.  The  primary  solid  particles  coarsen  during 
solidification  in  the  ingot  molds  resulting  in  an  equiaxed  austenitic 
structure  delineated  by  coarse  intergranular  carbides.  For  the  440C 
stainless  steel  alloy  the  carbides  are  of  the  form  M.^C^  whereas  for 
X-40  cobalt  base  superalloy  several  carbides  are  reported  to  form 
upon  solidification  including  M^C^,  and  MgC  [9] • The  strong 
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carbide  forming  elements  present  in  X-40,  tungsten  and  chromium, 
participate  predominantly  in  carbide  formation  although  the  carbides 
dissolve  small  percentages  of  the  cobalt  present.  A typical  chemistry 
for  M23Cg  carbides  in  cobalt  base  superalloys  is 


(a)  Microsegregation 

As  previously  noted,  solute  elements  are  redistribu- 
ted during  the  solidification  of  engineering  alloys  producing  micro- 
segregation. In  order  to  determine  the  extent  of  solute  segregation, 
conventionally  cast  and  Rheocast  X-40  alloys  were  analyzed  with  an 
electron  microprobe.  Analysis  of  water  quenched  slurries  consistently 
showed  flat  elemental  composition  profiles  of  alloying  elements  in 
the  primary  solid  particles  with  abrupt  changes  at  their  boundaries. 

An  ex^unple  of  this  observation  in  the  X-40  cobalt  base  superalloy  is 
snown  in  Figure  15.  This  segregation  profile  differs  from  conventional 
dendritic  mj  crosegregation  where  a minimum  or  maximum  concentration 
is  usually  observed  at  the  center  of  dendrite  arms.  The  composition 
profiles  for  the  X-40  dendritic  microstructure  are  shown  in  Fig,  16.  I 

The  electron  probe  microanalysis  of  both  dendritic  and  Rheocast  X-40  j 

show  that  in  each  case  chromium  and  tungsten  segregate  in  a positive 
manner  with  a maximum  concentration  in  the  interdendritic  or  inter- 
particle region.  Nickel  segregates  in  the  opposite  manner.  A quem- 
titative  explanation  of  the  segregation  phenomena  occurring  during 
the  solidification  of  partially  solid  alloys  will  be  presented  in  a 
subsequent  section. 

II 
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2.  Microsegregation,  Heat  Treatment  Response,  and  Properties 

Ingots  of  the  three  alloys  were  subjected  to  different  homogeni- 
zation heat  treatments  and  their  mechanical  properties  were  determined. 
The  effect  of  heat  treatment  for  each  alloy  is  to  dissolve  non- 
equilibrium phases  present  between  primary  solid  particles  and  to  pro- 
vide a more  homogeneous  distribution  of  solute  elements  within  the 
grains.  The  heat  treatments  adopted  in  each  case  is  equivalent  to 
practice  used  for  conventionally  solidified  dendritic  material.  Each 
alloy  system  will  be  described  separately  below. 

(a)  Copper  Base  Alloy  905 

Ingots  of  copper  base  alloy  905  were  subjected  to  homogenization 
heat  treatment  at  770®C  for  20  hours.  Following  treatment  standard 
tensile  specimens'^of  the  material  were  tested  in  tension  using  an 
Instron  testing  machine.  In  order  to  gauge  the  effect  of  homogeniza- 
tion heat  treatment,  samples  were  also  tested  in  the  as-Rheocast 
condition.  The  room  temperature  properties  of  905  copper  base  alloy 
are  listed  in  Table  I.  The  properties  obtained  are  comparable  to 
conventionally  solidified  dendritic  castings.  During  homogenization, 
however,  the  yield  strength  increased  whereas  both  the  ultimate  ten- 
sile strength  (UTS)  and  the  percentage  elongation  decreased.  The 
decrease  of  the  latter  two  properties  is  probably  the  result  of 
coarsened  porosity  following  homogenization  heat  treatment. 

(b)  Stainless  Steel,  440C 

Rheocast  ingots  of  440C  stainless  steel  were  homogenized  at  1100*‘C 
to  1300*C  for  times  of  up  to  20  hours.  Compression  test  specimens 


from  these  ingots  were  subjected  to  standard  400C  alloy  quench  and 
temper  heat  treatment.  The  specimens  were  tested  at  different 
temperatures  up  to  600“C.  It  was  found  that  0.2  percent  offset 
yield  strength  improved  with  increasing  time  and  temperature  of  homo- 
genization heat  treatment.  Figure  17.  For  example,  the  room  tempera- 
ture yield  strength  of  the  as-Rheocast  material  was  approximately 
150  KSI.  After  five  hours  at  1300 “C,  the  measured  yield  strength  in- 
creased to  approximately  240  KSI.  This  value  is  close  to  the  270  KSI 
reported  for  wrought  440C.  Improvement  in  the  yield  strength  of  the 
as-Rheocast  alloy  with  homogenization  heat  treatment  is  a direct 
consequence  of  transformation  of  the  grain  boundary  carbides  to 

^23^6  This  conversion  is  accompanied  by  the  diffusion  of 

carbon  and  homogeneous  redistribution  of  the  latter  carbides  within 
the  equiaxed  grains  of  the  alloy  [10]. 


(c)  Cobalt  Base  Superalloy — X-40 


High  temperature  homogenization  treatments  were  conducted  at 
1100®C  and  1300®C  in  a vacuum  of  6x10  ^mm  of  Hg  for  a period  of  5 
hours.  Subsequently  the  samples  were  furnace  cooled.  A portion  of 
the  samples  were  aged  at  770'’C  for  50  hours  and  water  quenched  follow- 
ing homogenization.  The  microstructure  obtained  in  the  as  Rheocast 
and  homogenization  heat  treated  conditions  is  shown  in  Fig.  18. 

In  addition  the  homogenized  structures  were  analyzed  with  the  electron 
microprobc.  An  example  of  the  results  is  shown  in  Figure  19  where  the 
concentration  profiles  of  chromium,  nickel,  and  tungsten  are  plotted 
versus  position  for  a sample  homogenized  for  five  hours  at  1300*C. 
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During  homogenization  the  interparticle  carbide  network  dissolves 
producing  a source  of  solute  atom  which  diffuses  into  the  grain  bulk. 
This  process,  given  sufficient  time,  goes  to  completion  for  homogeni- 
zation temperatures  in  excess  of  approximately  1150“C  [9].  Below 
this  temperature  a small  equilibrium  volume  fraction  of  primary  car- 
bides remain  at  the  grain  boundary.  Evidence  of  these  effects  are 
shown  in  Fig.  18  where  comparison  of  heat  treated  and  as-Rheocast 
specimens  show  that  there  is  a dramatic  decrease  in  the  volume 
fraction  of  intergranular  carbides.  Also,  by  comparing  the  com- 
position profiles  measured  before  and  after  homogenization. 

Figs.  15  and  19,  the  increase  in  concentration  of  the  carbide 
forming  elements,  chromium  and  tungsten,  within  the  grain  interior 
is  readily  apparent  following  heat  treatment. 

During  slow  cooling  from  the  homogenization  temperature,  as  was 
necessary  with  the  available  Brew  vacuum  furnace,  carbides  repreci- 
pitate within  the  grain  bulk  in  the  form  M22Cg.  The  precipitate 
^initially  develops  as  fine  particles  around  the  outer  periphery  of  the 
grain  (Fig.  18b).  During  aging  treatment,  as  in  service  use  , the  pre- 
cipitate coarsens.  Room  temperature  monotonic  tensile  properties 
were  measured  using  an  Instron  with  a pin  loaded  specimen  employing 
0.75"  strain  gauge  and  with  a cross  head  speed  of  0.2  in/min.  The 
results  are  compared  with  reported  conventional  investment  cast  pro- 
perties and  design  minimum  in  Table  II.  While  the  yield  strengths  of 
the  investment  cast  and  Rheocast  materials  are  equivalent,  the  ductility 
and  the  ultimate  tensile  strength  of  Rheocast  ingots  are  lower. 
Metallographic  examination  showed  that  the  lower  ductilities  are  due 
to  extensive  microporosity  in  the  Rheocast  ingots.  The  high  volume 
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fraction  of  the  slurry  and  lack  of  directional  solidification  were 
responsible  for  the  observed  microporosity.  To  further  analyze  the 
effect  of  porosity,  ingots  of  X-40  were  hot  isostatically  pressed 
at  1200 ’C  and  15,000  psi  and  stress  rupture  tested  at  790°C  with  a 
tensile  stress  of  30  KSI.  As  noted  in  Table  II  the  stress  rupture 
properties  of  the  Rheocast  ingots  are  comparable  to  investment  cast- 
ing and  exceed  the  minimum  design  requirements  in  aircraft  components. 

The  high  temperature  mechanical  properties  of  Rheocast  material 
was  evaluated  by  compression  tests  at  different  temperatures  and 
measuring  the  0.2%  yield  strength.  Fig.  20.  It  was  also  necessary 
to  conduct  tests  on  dendritic  material  whose  primary  dendrite  arm 
spacings  is  close  to  the  primary  particle  spacing  of  the  Rheocast 
material  for  comparison.  The  Rheocast  and  aged  X-40  cobalt  base 
alloy  exhibited  yield  strength  higher  than  its  dendritic  counterpart 
up  to  he  test  temperature  of  400“C.  After  1100“C  homogenization 
treatment  followed  by  aging, the  yield  strength  dropped  considerably. 
This  degradation  of  properties  could  be  attributed  to  redistribution 
of  primary  carbides  by  coarsening  and  attendant  changes  in  their 
chemistry  [10] . 

Detailed  microhardness  measurements  were  carried  out  across  the 
primary  solid  particles  of  as-Rheocast  and  heat  treated  specimens 
using  a 25  gram  load.  Figure  21.  The  carbide/primary  solid  particle 
interface  has  been  denoted  as  the  edge  of  the  grain  and  the  KHN  is 
normalized  by  taking  the  ratio  of  hardness  at  a given  location  to  the 
minimum  value  which  consistently  occurred  at  the  center  of  the  pri- 
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mary  solid  particles.  In  the  as-Rheocast  condition  the  microhardness 
inside  the  primary  solid  particles  exhibited  no  change  complementing 
the  microprobe  analysis  of  Figure  15.  Heat  treatment  for  five  hours 
at  llOO^C  and  1300®C  increased  the  relative  hardness  in  the  particles 
significantly.  Figure  21.  Dissolution  of  grain  boundary  carbides, 
solute  redistribution,  and  reprecipitation  of  fine  carbides  during 
furnace  cooling  after  heat  treatment  as  described  previously  are 
responsible  for  the  changes  in  relative  microhardness. 

The  results  reported  above  show  that  Rheocast  ingots  respond  to 

I heat  treatment  and  in  the  cibsence  of  porosity  possess  mechanical 

properties  comparable  to  conventional  casting.  Therefore,  as  in  con- 

l • 

* ventional  processes,  variables  during  Rheocasting  and  subsequent 

I casting  or  forming  operations  should  be  closely  controlled  to  obtain 

sound  components . 

I 

r 

i 
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TABLE  I 

Mechanical  Properties  of  Copper  Base  Alloy  905 


YS  (KSl) 

UTS  (KSI) 

% Elongation 

As  Rheocast 

19 

47 

30 

Rheocast  and 
at  770®C  for 

Homogenized 
20  hours 

22.6 

44.3 

23 

Conventional 

Alloy* 

Dendritic 

22 

45 

25 

♦Typical  mechanical  properties  of  commercial  conventionally 
cast  905  alloy  reported  in  Ref.  11. 


TABLE  II 


Mechanical  Properties  of  X-40  Cobalt  Base  Alloy 


Property 

As-Rheocast 

Investment 

Cast 

Design 

Minimum 

0.2%  Tensile  Yield 
Strength  (KSI) 

77 

76 

50 

Ultimate  Tensile 
Strength  (KSI) 

96 

108 

83 

% Elongation 

3.0 

7 

4.0 

Stress-Rupture 
at  790“C  and  30  KSI 
following  isostatic 
pressuring  at  1200®C 
and  15,000  psi 

58.6 

60 

Figure  1.  Coaperieon  of  the  relative  viscosity  of  Sn~15ZPb  slurries  to 
that  of  other  suspensions  of  Interacting  and  non-interacting  particles.  Froa 
reference  (4) . 
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Figure  2.  Schematic  lllustretlon  of  the  continuous  slurry  producer  and 
associated  mold  arrangement  for  direct  chill  casting  of  semi-continuous  ingots. 
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Figure  3 Photograph  of  the  continuous  H 

slurry  producer  showing  a Sn-15%  Pb  ingot  .1 

cast  when  the  alloy  was  in  the  partially 

solid-partially  liquid  state.  >i 

n 


Sn-15%  Pb 

CALCULATED  CURVES  FROM  THERMAL  DATA 
AVERAGE  FLOW  RATE  vs  AVERAGE  COOLING  RATE 
q.  = VOLUME  FRACTION  SOLID 


, 0-^ 


o 

^ 0. 


AVERAGE  FLOW  RATE,  kg  sec""  x 10 


Figure  4 Cooling  rate  versus  flow  rate 
at  different  volume  fractions  solid  determined 
using  actual  thermal  measurements  made  in  the 
continuous  slurry  producer. 
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Figure  6 Microstructures  of  conventionally  solidified 
(dendritic)  and  continuously  produced  slurry  of  Sn-15%  Pb 
alloy.  Cooling  rate  during  solidification  of  both  specimens 
was  •vl'K'sec"^;  (a)  conventionally  solidified  dendritic 
structure,  (b)  slurry  structure,  shear  rate  and  volume 
fraction  solid  were  420  sec~^  and  0.6,  respectively,  250X. 
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Figure  7 Effect  of  cooling  rate,  at  a given  shear  rate 
”^650  sec"^,  on  the  structure  of  continuously  produced  slurries 
of  Sn-15%  Pb  alloy;  (a)  and  (b)  cooling  rate  was  5.52*K* sec~^, 
lOOX  and  250X,  respectively;  (c)  and  (d)  cooling  rate  was 
'v0.87*K*8cc"1,  lOOX  and  250X,  respectively. 
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. Figure  8.  Effect  of  cooling  rate,  at  a given  shear  rate 
of  ~435  sec"^,  on  percent  size  frequency  and  cumulative  percent 
of  primary  solid  particles  in  continuously  produced  slurries  of 
Sn-l5%Pb  alloy. 


(b) 


Figure  11  Effect  of  shear  rate  at  low  cooling  rate 
'><0.14"K"1  on  the  structure  of  continuously  produced  slurries 
of  Sn-15%  Pb  alloy: (a)  shear  rate  was  100  sec"l,  (b)  shear 
rate  was  1360  sec"^,  lOOX. 
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Figure  12  Comparison  of  Rheocast  and  conventionally  cast 
(dendritic)  microstructures  of  high  temperature  alloys  solidified 
at  equivalent  cooing  rates:  (a)  and  (b)  show  the  Rheocast  and 
conventional  dendritic  microstructures  of  440C  stainless  steel, 
respectively;  (c)  and  (d)  show  the  Rheocast  and  conventional  den- 
dritic microstructures  of  X-40  cobalt  base  superalloy,  resepctively 
Magnification  lOOX. 


Figure  14  Ingot  microstructures  of  continuously 
produced  semi-solid  alloy;  (a)  440C  stainless  steel 
and  (b)  X-40  cobalt  base  superalloy.  Samples  were 
slowly  cooled  in  ingot  molds.  Magnification  65X. 
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Figure  15  Composite  figure  showing  microprobe 
trace  and  photograph  of  microstructure  of  Rheocast  X-40  ! 

cobalt  base  superalloy.  Solute  distribution  is  along  I 

dotted  path  shown  in  the  photograph.  Both  the  graph  and  i 

the  photograph  have  the  saune  scale  in  the  horizontal  i I > 

direction.  I 
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Figure  16  Composite  figure  showing  microprobe  trace 
and  photomicrograph  of  conventionally  solidified,  dendrite, 

X-40  cobalt  case  superalloy.  Solute  distribution  is  along 

dotted  path  shown  in  the  photograph.  Both  the  graph  and 

the  photograph  have  the  same  scale  in  the  horizontal  direction. 


*. 


As  Rheocast 


O 5 hrs  at  llOO'C 
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Figure  17  Measured  compressive  yield  strength  of  as -Rheocast 
and  homogenization  heat  treated  440c  stainless  steel  as  a function 
of  temperature. 
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Figure  19  Composite  figure  showing  microprobe 
trace  and  photograph  of  microstructure  of  Rheocast  and 
homogenization  heat  treated  (5  hours  at  1300®C)  X-40 
cobalt  base  superalloy.  Solute  distribution  is  along 
dotted  path  shown  in  the  photograph.  Both  graph  and 
photograph  have  the  seune  scale  in  the  horizontal  direction. 
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' Figure  20  Measured  compressive  yield  strength  for 

dendritic  and  Rheocast  X-40  cobalt  base  superalloy  after  two 
different  heat  treatments.  (1)  Aged  at  700°C  for  50  hours; 
(2)  homogenized  (5  hours  at  1100**C)  plus  aging  at  700"C  for 
50  hours. 
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Figure  21  Measured  variation  of  microhardness,  normalised 
as  the  ratio  of  Knoop  hardness  number  at  a given  location  against 
the  minimum  value,  across  the  Rheocast  grain  of  X-40  cobalt  base 
alloy  in  as-Rheocast  and  homogenized  heat  treated  conditions. 
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This  is  the  third  semi-annual  report  describing  research 
conducted  at  the  University  of  Illinois  at  Urbana-Ch2unpaign 
as  part  of  a joint  university- Indus try  research  progreun  on 
machine  casting  of  ferrous  alloys.  It  covers  a period  of  six 
months,  1 October  1976  to  31  March  1977.  The  work  at  the  Uni^ 
ersity  of  Illinois  was  initiated  on  1 October  1975  at  which 
time  the  overall  program  had  already  been  in  effect  for  33 
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months . 

This  report  covers  work  carried  out  in  the  past  six  months 
and  summarizes  results  to  date  in  two  areas  of  this  investigation 
These  include  the  following: 

1.  A summary  of  all  the  findings  to  date  on  the  relationshi > 
between  process  variables  and  Rheocast  structures  pro- 
duced in  a low-temperature  continuous  slurry  producer  an  I 

2.  The  effect  of  cast  (Rheocast)  structure  on  microsegrega- 
tion, homogenization  heat  treatment  response,  and  mech- 
anical properties  of  high-temperature  alloys. 

The  three  important  process  variables  affecting  structure 
and  viscosity  of  a continuously  produced  Sn-15%  Pb  alloy  slurry 
are  average  shear  and  cooling  rates  during  primary  solidification 
and  volume  fraction  solid  in  the  slurry.  Increasing  the  average 
cooling  rate  makes  the  primarily  solid  particles  smaller  and  more 
uniform  in  size  but  increases  the  amount  of  entrapped  liquid  in 
each  particle.  Increasing  the  average  shear  rate  affects  particls 
size  and  uniformity  of  size  similarly,  except  this  effect  is  note i 
only  at  low  cooling  rates.  Primary  solid  particle  size  in  a vig- 
orously agitated  slurry  is  approximately  the  same  as  primary  den- 
drite arm  spacing  in  a conventional  casting  solidified  at  equiv- 
alent cooling  rate.  As  the  volume  fraction  solid  in  a slurry  in- 
creases, so  does  it  primary  solid  particle  size  and  hence  viscos- 
ity. 

Work  on  three  high-temperature  alloys,  905  copper  base  alloy, 
440C  stainless  steel,  and  X-40  cobalt  base  superalloy,  shows  that 
Rheocast  materials 

1.  Have  a microsegregation  pattern  that  is  slightly  differ- 
ent from  conventionally  solidified  dendritic  structures, 

2.  Respond  to  homogenization  heat  treatment,  and 

3.  In  the  absence  of  porosity,  possess  mechanical  properties 
comparable  to  conventional  castings. 
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